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In Caenorhabditis elegans, vulval precursor cell (VPC) fate is specified by the action of RTK/Ras, Notch and Wnt signaling pathways. While
the identity of signals for the Ras and Notch pathways is known, the source and identity of the Wnt ligand acting on the VPCs are unknown.
Single mutations in any of the five Wnt genes (lin-44, cwn-1, cwn-2, egl-20 and mom-2) do not cause strong defects in VPC fate specification,
suggesting that functionally redundant Wnts are required. Surprisingly, we found that all five Wnts influence VPC fate. The strongest defects we
observed were in the lin-44; cwn-1; egl-20 triple mutant. Anterior VPCs were more strongly affected by loss of Wnt function than posterior VPCs,
and expression from Wnt∷GFP transcriptional reporters showed that the Wnts most strongly affecting VPC fate were expressed predominantly in
the posterior, suggesting that some of the redundant Wnt ligands act over a distance to affect the VPCs. In addition to ligand redundancy, we found
that at least three Wnt receptors, lin-17, mom-5 and mig-1, function in the VPCs. We also examined ligand and receptor function in another Wnt-
mediated vulval process, the orientation of the P7.p lineage. Here, too, we found that four of five Wnt receptors can influence P7.p orientation,
suggesting that a surprising amount of functional redundancy exists in Wnt signaling during C. elegans vulval induction.
© 2006 Elsevier Inc. All rights reserved.Keywords: C. elegans; Vulva; Wnt; Development; Redundancy; Frizzled; GSK-3; CK1; Genetics; DifferentiationIntroduction
A small number of evolutionarily conserved extracellular
signaling pathways mediate multiple aspects of metazoan
development. Among these is the Wnt signaling pathway,
which is utilized in the development of animals from Hydra to
humans (Hobmayer et al., 2000). Wnt signaling has been
implicated in the control of cell fate specification, polarity,
migration, division and the regulation of stem cell populations
(reviewed in Peifer and Polakis, 2000; Logan and Nusse, 2004).
A key component of the Wnt signaling pathway is the
transcription factor β-catenin, the stability of which is regulated
by signaling through the Wnt pathway. In the absence of Wnt
ligand, cytoplasmic β-catenin is targeted for degradation by a
complex of proteins that consists of the scaffolding proteins⁎ Corresponding author. Fax: +1 410 455 3875.
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doi:10.1016/j.ydbio.2006.06.050APC and Axin and the kinases CKIα and GSK-3β (Amit et al.,
2002; Liu et al., 2002; Yanagawa et al., 2002). Phosphorylation
of cytoplasmic β-catenin by CKIα and GSK-3β targets it for
degradation via the ubiquitin–proteosome pathway. In the
absence of signal, DNA binding proteins of the TCF/LEF
family bind to the promoters of Wnt responsive genes and
repress transcription in association with transcriptional repres-
sors such as CBP and Groucho (Cavallo et al., 1998; Waltzer
and Bienz, 1998). Binding of Wnt ligand to the cell surface
Frizzled/LRP5/6 coreceptor complex leads to the inhibition of
the Axin/APC/CKIα/GSK-3β destruction complex (reviewed
in Logan and Nusse, 2004). This stabilizes β-catenin, allowing
it to accumulate and translocate to the nucleus where it forms a
complex with TCF/LEF-1 proteins to activate expression of
Wnt-inducible target genes.
The development of the Caenorhabditis elegans hermaph-
rodite vulva provides an excellent genetic model system to
evaluate the role of extracellular signals in cell fate specifica-
tion. In this system, information from three evolutionarily
conserved signaling pathways is integrated to specify the fates
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vulva is formed from six vulval precursor cells (VPCs), P3.p–
P8.p, which are located in the ventral midbody region of the
animal. Initially, all six VPCs are equivalent in developmental
potential; each is capable of adopting one of three cell fates, 1°,
2° or 3°. During the L3 stage, an inductive signal from the
anchor cell in the overlying somatic gonad activates a Receptor
Tyrosine Kinase (RTK)/Ras pathway in P6.p, causing it to adopt
the 1° fate. In turn, P6.p signals to P5.p and P7.p via redundant
DSL ligands, activating a Notch pathway, causing P5.p and
P7.p to adopt the 2° fate. The remaining VPCs (P3.p, P4.p and
P8.p) do not receive either of these signals and adopt the
nonvulval 3° fate, which is to divide once and fuse with the
surrounding hypodermis. In approximately half of wild-type
animals, P3.p can adopt an alternative nonvulval cell fate, the
Fused or F fate, which is to fuse with the hypodermis in the
L3 stage without dividing (Sternberg and Horvitz, 1986;
Sulston and Horvitz, 1977). The three cells that adopt the 1°
and 2° fates (P5.p–P7.p) each divide three times to generate
22 cells that go on to form the vulval opening.
In addition to the RTK/Ras and Notch pathways, a Wnt
signaling pathway also functions during VPC fate specifica-
tion. We have previously demonstrated that a number of Wnt
signaling components function in the VPCs, including bar-1
(β-catenin), pry-1(Axin), apr-1(APC) and pop-1(TCF). Loss
of positive effectors of the Wnt pathway in the VPCs, such as
mig-14(Wntless) and bar-1(β-catenin), causes too few VPCs
to adopt vulval cell fates, resulting in an Underinduced
phenotype (Eisenmann and Kim, 2000; Eisenmann et al.,
1998; Bänziger et al., 2006). In these mutants, VPCs that
normally adopt vulval cell fates, P5.p–P7.p, incorrectly adopt
F and 3° fates. Conversely, loss of negative regulators of the
Wnt pathway in the VPCs, such as pry-1(Axin) and apr-1
(APC), causes too many VPCs to adopt vulval cell fates,
resulting in an Overinduced phenotype (Gleason et al., 2002).
In these mutants, cells that do not adopt vulval cell fates in
wild-type, P3.p, P4.p and P8.p incorrectly adopt vulval cell
fates. While we previously identified a number of Wnt
signaling components that function during VPC fate specifica-
tion, several significant gaps in our knowledge remain. To date,
we have not identified a Wnt ligand acting on the VPCs, the
source of the ligand, or a receptor for that ligand acting in the
VPCs. In addition, we have not identified any kinase acting
negatively to destabilize BAR-1/β-catenin in the VPCs.
In C. elegans, there are five genes that encode Wnt ligands
(lin-44, egl-20, mom-2, cwn-1 and cwn-2) and five genes that
encode Wnt receptors (lin-17, mom-5, mig-1, cfz-2 (all Frizzled
related) and lin-18 (Ryk/Derailed related)) (reviewed in
Eisenmann, 2005). We found that none of the Wnt or Wnt
receptor single mutants displays strong defects in VPC fate
specification like those observed in bar-1 and mig-14 mutants,
suggesting that functionally redundant Wnt ligands and Wnt
receptors might act during vulval induction. By constructing
and analyzing strains multiply mutant for various Wnt genes,
we found the surprising result that all five Wnt ligands in C.
elegans impinge on vulval cell fate specification. The most
penetrant defects we observed were in lin-44; cwn-1; egl-20triple mutants. Using transcriptional reporters, we show that
these three Wnt ligands are expressed predominantly in the
posterior, in several different cell types. In addition, we found
that anterior VPCs are more strongly affected by loss of Wnt
function, suggesting that a posterior to anterior gradient of Wnt
activity acts on the VPCs. Of the five C. elegansWnt receptors,
we found that mom-5, lin-17 and mig-1 function in VPC fate
specification. We also found that four of five Wnt receptors act
in a second Wnt-mediated process in vulval development, the
control of polarity of P7.p. Interestingly, in this process, one of
the Wnts, CWN-1, acts antagonistically to two others, LIN-44
and MOM-2. Finally, we show that C. elegans homologs of the
kinases acting in the vertebrate destruction complex, KIN-19
(CKIα) and GSK-3(GSK-3β), negatively regulate Wnt signa-
ling in the VPCs. Therefore, we have shown that the Wnt
pathway acting during C. elegans vulval cell fate specification
is very similar to the core canonical Wnt pathway present in
vertebrates, but that a surprising amount of functional
redundancy is present at multiple steps in the pathway.
Materials and methods
Genetic methods and alleles
C. elegans culture and genetic manipulation was performed as in Brenner
(1974). Wild-type animals were C. elegans N2 Bristol strain. Experiments were
performed at 20°C unless otherwise noted. The genes and alleles used in this
work are described in Riddle et al. (1997) unless otherwise indicated. LGI: mig-
1(e1787), bli-3(e767), lin-17(n671, n677), lin-44(n1792), dpy-5(e61), mom-5
(zu193) (Schlesinger et al., 1999), pry-1(mu38) (Maloof et al., 1999); LGII: sqt-
2(sc108), cwn-1(ok546) (Zinovyeva and Forrester, 2005), rol-6(e187), mig-14
(ga62) (Eisenmann and Kim, 2000); LGIV: egl-20(n585), cwn-2(ok895)
(Zinovyeva and Forrester, 2005), dpy-20(e1282, e1362); LGV: cfz-2(ok1201)
(Zinovyeva and Forrester, 2005), him-5(e1490), mom-2(or42) (Thorpe et al.,
1997), dpy-11(e1180), muIs35 [mec-7∷GFP + lin-15(+)] (Ch'ng et al., 2003);
LGX: lin-18(e620) (Inoue et al., 2004), bar-1(ga80) (Eisenmann et al., 1998).
hT2[qIs48] was used to balance mom-5(or57). nT1[qIs51] was used to balance
egl-20(n585), cwn-2(ok895) and mom-2(or42) in strains containing mom-2
(or42). huIs24 indicates an integrated array containing hs∷gsk-3, described in
Korswagen et al. (2002).
Strain confirmation
To determine genotypes, PCR from worm lysates was used to isolate a
portion of genomic DNA from each desired gene. The presence or absence of
cwn-1(ok546), cwn-2(ok895) and cfz-2(ok1201) could be determined by PCR
as these are deletion alleles. Mutations in mig-1(e1787) and lin-17(e671) were
confirmed by sequence analysis of the PCR product. The mutations present in
lin-44(n1792), egl-20(n585) and lin-18(e620) create Snip-SNPs that could be
differentiated from wild type by restriction digestion of the PCR product. For
oligonucleotide sequences and Snip-SNP descriptions, see Supplementary
data.
Wnt transcriptional GFP fusions
Wnt reporter constructs were generated by SOEing (Splicing by overlap
extension) PCR (Horton et al., 1990; Hobert, 2002). See Supplementary data for
oligonucleotide sequences. All Wnt promoter fusions, with the exception of
cwn-2, contain all of the sequence upstream to the next gene. cwn-2 contains
6.1 kb of approximately 9 kb of upstream sequence. Promoter fragments were
isolated by PCR amplification from N2 genomic DNA. The GFP fragment was
isolated by PCR amplification from the vector pPD121.83 (gift from Andy Fire).
This vector contains four copies of the SV40 nuclear localization signal,
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fragment contains a portion of the unc-54 3′ UTR.
Generation of transgenic animals and observation of GFP expression
patterns
All GFP promoter fusions (25 ng/μl) were coinjected with dpy-20(+)
containing plasmid pMH86 (10 ng/μl) (Han and Sternberg, 1991), ajm-1∷GFP
(10 ng/μl) (Mohler et al., 1998) and HinfI digested C. elegans genomic DNA
(55 ng/μl) (Kelly et al., 1997) into dpy-20(e1362). GFP positive animals rescued
for the Dpy phenotype were selected. At least three transgenic lines were
analyzed for each construct, except for cwn-2∷GFP, for which only two lines
were analyzed. In addition, strains containing all fiveWnt∷GFP reporters made
with a single nuclear localization sequence and expressed from simple
extrachromosomal arrays were also examined and gave comparable results.
GFP expression patterns were observed using a Zeiss Axioplan 2 microscope.
Pictures were taken using a Nikon DMX1200 digital camera and the Nikon
ACT-1 software.
RNA interference
To create plasmids for RNA interference (RNAi) by feeding of gsk-3, kin-
19, cwn-2 and mom-5, gene fragments were generated by PCR amplification
from N2 genomic DNA, ligated into the feeding vector pPD129.36 and
transformed into the HT115 stain of E. coli (Timmons et al., 2001).
Oligonucleotide sequences for PCR are given in Supplementary data. For
cwn-2 and mom-5 RNAi experiments, L3s were fed on plates with the
appropriate HT115 dsRNA-expressing strain and allowed to develop at 20°C.
The extent of vulval induction was determined in the F1 progeny of theseTable 1
All five C. elegans Wnt genes influence VPC fate
Strain n #
3
%
N2 200 1
bar-1(ga80) 116
mig-14(ga62) 110
lin-44(n1792) 56 1
cwn-1(ok546) 60
egl-20(n585) 60 1
cwn-2(ok895) 64 1
mom-2(or42) 51 1
cwn-1(ok546); mom-2(or42) 54
cwn-1(ok546); cwn-2(ok895) 50
cwn-1(ok546); egl-20(n585) 62
lin-44(n1792); cwn-1(ok546) 50
lin-44(n1792); egl-20(n585) 50 1
lin-44(n1792); cwn-2(ok895) 55 1
lin-44(n1792); mom-2(or42) 63
egl-20(n585); mom-2(or42) 51
cwn-2(ok895); mom-2(or42) 53
lin-44(n1792); cwn-1(ok546); egl-20(n585) 54
lin-44(n1792); cwn-1(ok546); cwn-2(ok895) 53
lin-44(n1792); cwn-1(ok546); mom-2(or42) 51
lin-44(n1792); egl-20(n585); mom-2(or42) 60
lin-44(n1792); cwn-2(ok895); mom-2(or42) 50
cwn-1(ok546); egl-20(n585); mom-2(or42) 55
cwn-1(ok546); cwn-2(ok895); mom-2(or42) ND –
lin-44(n1792); cwn-1(ok546); egl-20(n585); mom-2(or42) 52
lin-44(n1792); cwn-1(ok546); cwn-2(ok895); mom-2(or42) ND –
Strains were grown at 20°C and scored as described in Materials and methods. Anim
vulva. Many of the animals in this category have defects in the orientation of P7.p
scored from dpy-11(e1180) mom-2(or42)/nT1 heterozygous animals. ND=not determ
11(e1180) mom-2(or42) homozygous escapers.animals. For experiments with apr-1, gsk-3 and kin-19, eggs from strains to be
tested were placed on NGM plates without food overnight. The next day, semi-
synchronous L1 larvae were placed onto plates with the appropriate HT115
dsRNA expressing strain, allowed to develop at 20°C and scored. Bacteria
containing the empty feeding vector (pPD129.36) were used as a control.
Heat shock protocol
Starved, synchronized L1 animals containing huIs24 were placed on plates
with food and incubated at 20°C for 22–22.5 h, subjected to a single heat shock
at 38°C for 0.5 h and incubated at 20°C until the early L4 stage when the extent
of vulval induction was scored.
Scoring vulval phenotypes
To determine the extent of vulval induction, cell fates adopted by P3.p–P8.p
were scored in living early L4 hermaphrodites. Animals were observed using
Nomarski differential interference contrast optics utilizing the criteria for
designation of cell fate outlined by Sternberg and Horvitz (1986). Vulval
induction was scored as described in Gleason et al. (2002).Results
All five Wnts influence VPC fate specification
In the VPCs, loss of positive effectors of the Wnt pathway
such as mig-14(Wntless) and bar-1(β-catenin) causes too fewof induced VPCs
<3 0 3
Wild type % Underinduced % Vulvaless % Other
00 0 0 0
44 46 0 10
39 57 2 2
00 0 0 0
93 7 0 0
00 0 0 0
00 0 0 0
00 0 0 0
83 19 0 0
58 40 0 2
13 74 13 0
74 26 0 0
00 0 0 0
00 0 0 0
42 5 0 53
92 6 0 2
85 6 0 9
8 66 26 0
54 46 0 0
69 31 0 0
55 15 0 30
56 2 0 42
4 80 16 4
– – –
4 65 25 2
– – –
als were scored as ‘Other’ if 3 VPCs were induced but did not form a wild-type
polarity (see Table 6). dpy-11(e1180) mom-2(or42) homozygous escapers were
ined. Vulval induction was not scored in these strains because there were no dpy-
Fig. 1. Loss of Wnt pathway function causes too few VPCs to adopt vulval cell fates, which results in an Underinduced phenotype. Shown are midbody views of
characteristic L4 stage larvae. Anterior is left and dorsal is up. (A) Wild type; P5.p, P6.p and P7.p adopted induced fates. (B) bar-1(ga80); a single VPC, P6.p, adopted
an induced fate. (C) cwn-1(ok546); cwn-2(ok895); only P6.p and P7.p adopted induced fates. (D) cwn-1(ok546); egl-20(n585); only P6.p and P7.p adopted induced
fates. (E) cwn-1(ok546); egl-20(n585); none of the VPCs adopted induced fates. (F) lin-44(n1792); cwn-1(ok546); egl-20(n585); none of the VPCs adopted induced
fates. Mutation of any other Wnt in conjunction with cwn-1(ok546) causes defects similar to those observed in panels C and D, where only P5.p fails to be properly
induced.
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phenotype (Table 1 and Fig. 1) (Eisenmann and Kim, 2000;
Eisenmann et al., 1998; Bänziger et al., 2006). In the embryo,
mig-14 function is required in the cell that is the source of
Wnt signal (Thorpe et al., 1997; Bänziger et al., 2006). The
requirement for mig-14 in vulval development suggests that the
Wnt pathway in the VPCs responds to a Wnt ligand, and we
predict that compromising function of that ligand will result in
VPC fate specification defects similar to those observed in mig-
14(Wntless) and bar-1(β-catenin) mutants.
In C. elegans, there are five genes that encode Wnt ligands,
lin-44, cwn-1, egl-20, cwn-2 and mom-2 (Shackleford et al.,
1993; Herman et al., 1995; Thorpe et al., 1997; Maloof et al.,
1999). We found that strains containing predicted null or strong
loss-of-function mutations in single Wnt genes do not display
strong defects in VPC fate specification (Table 1). However, 7%
of cwn-1(ok546) mutants display an Underinduced phenotype
(Table 1). Furthermore, in egl-20(n585) mutants, while VPCs
that give rise to the vulva (P5.p–P7.p) are not affected (Table 1),
P4.p adopts the F fate in 38% of animals (n=104; P4.p never
adopts the F fate in wild type). These data suggest that
functionally redundant Wnt ligands may be required for proper
VPC fate specification, so we constructed strains containing
mutations in multiple Wnt genes.
Analysis of double mutant strains revealed that mutation of
any one of the other four Wnt genes in a cwn-1(ok546) mutant
background caused an increase in the penetrance of the cwn-1
(ok546) Underinduced phenotype (Table 1) and a statistically
significant decrease in the number of VPCs adopting induced
cell fates (Table 2). The weakest effect was observed in cwn-1(ok546); mom-2(or42), with an increase from 7%Underinduced
animals in cwn-1(ok546) to 19% in the double mutant strain.
Loss of either lin-44 or cwn-2 (Fig. 1) also increased the
penetrance of the cwn-1(ok546) Underinduced phenotype, to
26% and 40%, respectively. The strongest defects were
observed in the cwn-1(ok546); egl-20(n585) double mutant
strain, where 87% of animals had either Underinduced or
Vulvaless phenotypes (Table 1; Fig. 1), and the average number
of induced VPCs decreased from 2.9 in cwn-1(ok546) to 1.7 in
the double mutant (Table 2). These results indicate that all five
Wnt genes in C. elegans can influence VPC fate specification
during vulval development.
To determine if loss of additional Wnt function in the cwn-1
(ok546); egl-20(n585) double mutant leads to stronger defects
in VPC fate specification, we analyzed mutant strains in which
three or four Wnt genes were compromised by mutation or
RNAi (Tables 1 and 2 and data not shown). The most significant
result from this analysis was that loss of lin-44 enhanced the
phenotype of cwn-1(ok546); egl-20(n585) mutants: the pene-
trance of the Vulvaless phenotype increased from 13% in the
double to 26% in the triple mutant, and the average number of
induced VPCs decreased from 1.7 in cwn-1(ok546); egl-20
(n585) to 1.3 in lin-44(n1792); cwn-1(ok546); egl-20(n585)
(Table 2; P<0.05; t test). This was the strongest mutant
phenotype observed in anyWnt triple mutant. Additional loss of
mom-2 did not further enhance the vulval defects in the lin-44
(n1792); cwn-1(ok546); egl-20(n585) strain (Tables 1 and 2).
Loss of mom-2 did enhance the cwn-1(ok546); egl-20(n585)
vulval phenotype (96% Underinduced and 1.5 VPCs induced;
Tables 1 and 2), although this result was not statistically
Table 2
Anterior VPCs are more strongly affected by loss of Wnt function than posterior VPCs
Strain n % Induction Average # induced
VPCs±SD
P5.p P6.p P7.p
N2 200 100 100 100 3.0±0.0
bar-1(ga80) 116 52 79 56 2.3±0.9a
mig-14(ga62) 110 52 96 78 2.3±0.7a
lin-44(n1792) 56 100 100 100 3.0±0.0
cwn-1(ok546) 60 93 100 100 2.9±0.3a
egl-20(n585) 60 100 100 100 3.0±0.0
cwn-2(ok895) 64 100 100 100 3.0±0.0
mom-2(or42) 51 100 100 100 3.0±0.0
cwn-1(ok546); mom-2(or42) 54 81 100 100 2.8±0.4b
cwn-1(ok546); cwn-2(ok895) 50 60 100 100 2.6±0.5
cwn-1(ok546); egl-20(n585) 62 13 87 66 1.7±0.9b
lin-44(n1792); cwn-1(ok546) 50 74 100 100 2.7±0.4b
lin-44(n1792); egl-20(n585) 50 100 100 100 3.0±0.0
lin-44(n1792); cwn-2(ok895) 55 100 100 100 3.0±0.0
lin-44(n1792); mom-2(or42) 63 100 100 95 3.0±0.3
egl-20(n585); mom-2(or42) 51 94 100 100 2.9±0.2
cwn-2(ok895); mom-2(or42) 53 96 100 98 2.9±0.2
lin-44(n1792); cwn-1(ok546); egl-20(n585) 54 9 74 45 1.3±0.9c
lin-44(n1792); cwn-1(ok546); cwn-2(ok895) 53 54 100 100 2.5±0.5
lin-44(n1792); cwn-1(ok546); mom-2(or42) 51 71 100 96 2.7±0.5
lin-44(n1792); egl-20(n585); mom-2(or42) 60 90 100 95 2.9±0.4
lin-44(n1792); cwn-2(ok895); mom-2(or42) 50 100 100 98 3.0±0.1
cwn-1(ok546); egl-20(n585); mom-2(or42) 55 15 82 51 1.5±0.8
cwn-1(ok546); cwn-2(ok895); mom-2(or42) ND – – – –
lin-44(n1792); cwn-1(ok546); egl-20(n585); mom-2(or42) 52 12 75 46 1.3±0.9
lin-44(n1792); cwn-1(ok546); cwn-2(ok895); mom-2(or42) ND – – – –
Strains were grown at 20°C and scored as described in Materials and methods. dpy-11(e1180) mom-2(or42) homozygous escapers were scored from dpy-11(e1180)
mom-2(or42)/nT1 heterozygous animals. aP<0.05, t test, comparison of single mutants to N2. bP<0.05, t test, comparison of strains with multiple Wnt mutation to
cwn-1(ok546). cP<0.05, t test, comparison of lin-44(n1792); cwn-1(n546); egl-20(n585) to cwn-1(ok546); egl-20(n585). ND=not determined. Vulval induction was
not scored in these strains because there were no dpy-11(e1180) mom-2(or42) homozygous escapers.
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result. Unfortunately, we were unable to build strains containing
both cwn-2(ok895) and egl-20(n585) because the two genes are
very tightly linked, and cwn-2 RNAi treatment did not give
consistent evidence of significantly reducing cwn-2 function
(data not shown), so we could not analyze strains simulta-
neously compromised for both cwn-2 and egl-20 function.
The fact that cwn-1(ok546); egl-20(n585) mutants have a
strong mutant phenotype (87% Underinduced, 1.7 VPCs
induced) suggests that lin-44, cwn-2 and mom-2 together are
not sufficient to pattern the VPCs correctly. Consistent with this,
we found that lin-44(n1792); cwn-2(ok895); mom-2(or42)
animals were almost wild type for VPC fate specification (2%
Underinduced, 3.0 VPCs induced; Tables 1 and 2). Taken
together, these results indicate that CWN-1 and EGL-20 are the
major Wnt ligands regulating VPC fate specification, but that
CWN-2, LIN-44 and MOM-2 also impinge on the process.
Anterior VPCs are more strongly affected by loss of Wnt
function than posterior VPCs
Having found that multiple Wnt ligands can affect VPC fate
specification, we wanted to know the source of these signals.
Three previous results suggest that the source of the Wnt signal
may be in the posterior of the animal. First, in wild-typeanimals, the most anterior VPC, P3.p, adopts the F fate in 50%
of animals, while other VPCs never do (Ferguson and Horvitz,
1985; Sternberg and Horvitz, 1986). Second, P3.p and P4.p
almost always adopt the F fate in mig-14(ga62) mutants
(Eisenmann and Kim, 2000) and mig-14 may act in the Wnt-
sending cell (Thorpe et al., 1997; Bänziger et al., 2006). Finally,
reporter constructs for lin-39(Hox), a target of the Wnt pathway
in the VPCs, are more weakly expressed in P3.p and P4.p than
in more posterior VPCs (Wagmaister et al., 2006). Therefore,
we scored the percent induction for each VPC that normally
adopts a vulval cell fate (P5.p–P7.p) in strains containing Wnt
mutations. We found that, in cwn-1(ok546) mutants, P5.p was
the only VPC that exhibited defects in fate specification (in 7%
of animals; Table 2). Loss of either lin-44, cwn-2 or mom-2 in
conjunction with cwn-1 resulted in an increase in the penetrance
of the P5.p phenotype, but P5.p was still the only VPC affected
in these strains. However, in cwn-1(ok546); egl-20(n585)
double mutants, P5.p, P6.p and P7.p were all seen to have
fate specification defects; but again, P5.p was more strongly
affected than was P7.p or P6.p (Table 2). These data indicate
that anterior VPCs are more strongly affected by loss of Wnt
gene function than posterior VPCs. From this result and the
previous data, we hypothesized that the source(s) of Wnt signals
acting on the VPCs might be posterior to the VPCs rather than a
local source in close proximity to the VPCs.
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likely act over a distance
To complement our genetic analysis, we generated transcrip-
tional GFP reporter constructs for all five Wnt genes to
determine their temporal and spatial patterns of gene expres-
sion. Other reporter constructs for egl-20, lin-44 and cwn-1Fig. 2. Wnt GFP expression patterns in animals containing transcriptional Wnt::GFP
before the first VPC division. Photos are in pairs; the top panel shows the Nomarski o
Wnt::GFP, these strains also express ajm-1::GFP, which localizes to epithelial cell ju
the VPCs is indicated by an asterisk (*); GFP expression in ventral cord neurons is ind
arrow. Most of the expression dorsal to the ventral side in panels D–F is intestinal au
intestinal nuclei in the posterior half of the animal. (B and E) cwn-2 is expressed in VC
in ventral cord neurons and body wall muscles from anterior to posterior. (G and I) eg
44 is expressed in a small number of hypodermal cells in the tail. The domain of linhave been described previously (Herman et al., 1995; Whangbo
and Kenyon, 1999; Inoue et al., 2004; Baugh et al., 2005; Pan et
al., 2006). Our transcriptional reporters contain all of the
genomic sequence upstream of the Wnt gene until the next gene
(except for cwn-2; see Materials and methods), but do not
contain sequences from introns or 3′ untranslated regions. GFP
expression from these five Wnt reporters was observedreporter constructs on extrachromosomal arrays. All animals are late L2 stage
ptics view and the bottom panel shows the fluorescence view. In addition to the
nctions. In panels D–F, the posterior boundary of ajm-1::GFP expression from
icated by an arrowhead; GFP expression in body wall muscles is indicated by an
tofluorescence. (A and D) cwn-1 is expressed in VCNs, body wall muscles and
Ns, body wall muscles from anterior to posterior. (C and F) mom-2 is expressed
l-20 is expressed in a small number of posterior cells near the anus. (H and J) lin-
-44 expression is posterior to the domain of egl-20 expression.
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constructs on complex, extrachromosomal arrays (see Supple-
mentary data).
Of particular interest for this analysis were the Wnt reporter
expression patterns during the L2 stage, just prior to vulval
induction. Around this time, expression of cwn-1, cwn-2 and
mom-2 was observed in ventral cord neurons (VCN) and
body wall muscles (BWM) (Fig. 2 and data not shown). cwn-2
and mom-2 expression was also observed in some hypodermal
and intestinal cells (data not shown). Interestingly, while cwn-1,
cwn-2 and mom-2 were expressed in similar cell types, they
showed differences in their expression along the anterior–
posterior body axis. While cwn-2 and mom-2 were expressed
all along the body axis from anterior to posterior, cwn-1
expression was seen predominantly in the posterior half of the
animal (Fig. 2 and data not shown). In some animals, cwn-
1∷GFP was expressed in midbody neurons in close proximity
to some of the VPCs (Fig. 2). Expression of both lin-44 and egl-
20 was observed only in the posterior of the animal prior to
vulval induction. lin-44 expression was observed in several tail
hypodermal cells, as previously reported (Herman et al., 1995).
egl-20 expression was observed in hypodermal and muscle cells
in the tail, anterior to the cells expressing lin-44, as previously
reported (Whangbo and Kenyon, 1999). Therefore, CWN-1,
EGL-20 and LIN-44 are all expressed predominantly in theTable 3
Three Wnt receptors act in VPC fate specification
Strain n # of induced VPCs
3 <
% Wild type %
N2 200 100
cwn-1(ok546) 60 93
egl-20(n585) 60 100
cwn-1(ok546); egl-20(n585) 62 13 7
mig-1(e1787) 54 96
lin-17(n671) 55 30 1
lin-17(n677) 50 20 1
mom-5(zu193) 46 87 1
mom-5(RNAi) 50 100
cfz-2(ok1201) 55 100
lin-18(e620) 55 62
mig-1(e1787); lin-17(n677) 50 4 2
mig-1(e1787); mom-5(RNAi) 50 94
lin-17(n671); mom-5(RNAi) 50 18 2
mig-1(e1787); lin-17(n677); mom-5(RNAi) 50 20 2
cwn-1(ok546); lin-17(n671) 50 40 2
cwn-1(ok546); mig-1(e1787) 55 96
cwn-1(ok546); mig-1(e1787); lin-17(n677) 50 42 3
cwn-1(ok546); lin-18(e620) 55 62 1
cwn-1(ok546); cfz-2(ok1201) 52 84 1
cwn-1(ok546); mom-5(zu193) 58 11 8
egl-20(n585); lin-17(n671) 58 66 2
egl-20(n585); mig-1(e1787) 53 98
egl-20(n585); cfz-2(ok1201) 50 94
Strains were grown at 20°C and scored as described in Materials and methods. Anim
vulva. Many of the animals in this category have defects in the orientation of P7.p
escapers were scored from lin-17(n671) unc-13(e450)/hT2; lin-18(e620) heterozygou
unc-13(e450) mom-5(zu193)/hT2 heterozygous animals. *P<0.05, t test, comparison
(zu193).posterior half of the animal at a distance from the VPCs at the
time of vulval induction. These data, combined with the result
showing that anterior VPCs are more affected by signal loss,
indicate that the source of Wnt signals may be cells of several
different types posterior to the VPCs and suggest that the
anterior VPCs may receive less total Wnt signal than the
posterior VPCs.Wnt receptor function in VPC fate specification
There are five genes that encode Wnt receptor homologs in
C. elegans. Four of the Wnt receptors are Frizzled homologs,
encoded by mig-1, lin-17, mom-5 and cfz-2 (Sawa et al., 1996;
Rocheleau et al., 1997; Ruvkun and Hobert, 1998). The fifth
Wnt receptor, encoded by lin-18, is a Ryk/Derailed homolog
(Inoue et al., 2004). As with the Wnt ligands, we found that
mutations in single Wnt receptor genes do not result in strong
defects in VPC fate specification (Table 3). We did notice that
lin-17 mutants displayed a weak Underinduced phenotype, in
addition to their known defects in P7.p orientation (Sawa et al.,
1996). Therefore, lin-17 may function in two different Wnt
processes during vulval development. We also found that 13%
of mom-5(zu193) homozygotes from heterozygous mothers had
defects in vulval induction.Average # induced
VPCs±SD
3 0 3
Underinduced % Vulvaless % Other
0 0 0 3.0±0.0
7 0 0 2.9±0.3
0 0 0 3.0±0.0
4 13 0 1.7±0.9
2 0 2 3.0±0.0
2 0 58 2.9±0.3*
3 0 75 2.9±0.4*
3 0 0 2.9±0.3*
0 0 0 3.0±0.0
0 0 0 3.0±0.0
0 0 38 3.0±0.0
2 0 74 2.8±0.4
6 0 0 2.9±0.2
4 0 58 2.8±0.4
0 0 60 2.7±0.4
6 0 34 2.7±0.4
2 0 2 3.0±0.1
3 0 25 2.7±0.5
5 0 23 2.9±0.4
6 0 0 2.9±0.4
6 3 0 1.9±0.6#
0 0 14 2.8±0.4
0 0 2 3.0±0.0
0 0 6 3.0±0.0
als were scored as ‘Other’ if 3 VPCs were induced but did not form a wild-type
polarity (see Table 6). lin-17(n671) unc-13(e450); lin-18(e620) homozygous
s animals. unc-13(e450) mom-5(zu193) homozygous escapers were scored from
of single mutants to N2. #P<0.05, t test, comparison to cwn-1(ok546) or mom-5
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mutants led us to hypothesize that functionally redundant Wnt
receptors are required for proper VPC fate specification. Our
analysis of strains mutant for multiple Wnt receptors is less
complete than that of Wnt gene mutants, due to difficulties in
creating several mutant combinations. For example, we were
unable to examine a lin-17 mom-5 double mutant because
animals homozygous for lin-17(n671 or n677) and hetero-
zygous for mom-5(zu193 or or57) display a very highly
penetrant somatic gonad morphogenesis defect, rendering
them sterile (data not shown), suggesting that mom-5 may
function redundantly in this process with lin-17 (Siegfried and
Kimble, 2002). We did find that lin-17(n671) mom-5(RNAi)
animals had a stronger Underinduced phenotype and fewer
induced VPCs than either mom-5(RNAi) or lin-17(n671)
animals (Table 3). Similarly, the mig-1(e1787) lin-17(n677)
double mutant animals had a stronger Underinduced phenotype
and fewer induced VPCs than either mig-1(e1787) or lin-17
(n677) alone (Table 3). However, neither of these results was
statistically significant, and mig-1(e1787) lin-17(n677) mom-5
(RNAi) animals were also not significantly different from any of
the three double mutants. We observed little evidence from the
multiple receptor mutant analysis to suggest that cfz-2 or lin-18
function in VPC fate specification (Supplementary Table 1).
Since the phenotype of mig-1(e1787) lin-17(n677) mom-5
(RNAi) animals (20% Underinduced; 2.7 VPCs induced) is not
as strong as that of lin-44(n1792); cwn-1(ok546); egl-20(n585)
mutants (92% Underinduced; 1.3 VPCs induced), we believe
that either our mom-5 RNAi treatment does not reflect the
complete loss of mom-5 function or that additional receptors
may also act redundantly for proper VPC fate specification.
Consistent with the first possibility, we observed only 27%
embryonic lethality with mom-5(RNAi), whereas 100% of
embryos from mom-5 homozygous mutant animals die
(Rocheleau et al., 1997; Thorpe et al., 1997). In summary, we
have shown that at least three of five Wnt receptors, lin-17,
mig-1 and mom-5, act in the control of VPC fate specification.
We cannot rule out the possibility that additional known or
unknown Wnt receptors also act in this process.Table 4
gsk-3 and kin-19 negatively regulate Wnt signaling in the VPCs
Strain RNAi n # of induced VPCs
>3 3
% Overinduced % W
N2 Vector 60 0 100
apr-1 58 0 100
gsk-3 55 0 100
apr-1; gsk-3 59 0 96
kin-19 50 0 100
pry-1(mu38) Vector 55 44 34
apr-1 54 94 2
gsk-3 59 61 27
apr-1; gsk-3 56 96 2
kin-19 47 68 19
Strains were grown at 20°C and scored as described in Materials and methods. *P<To begin to address whether certain Wnt ligands act through
specific Wnt receptors, we built several Wnt; Wnt receptor
mutant strains. Given the redundancy in both ligands and
receptors regulating VPC fate specification, this could be a quite
large undertaking, so we concentrated on only the Wnt genes
cwn-1 and egl-20. We reasoned, for example, that if CWN-1
acted through a single receptor, then mutation of that receptor in
an egl-20(n585) background should phenocopy the cwn-1
(ok546); egl-20(n585) double mutant. A genetic synergy like
this was demonstrated in a previous study of Wnt redundancy in
the regulation of P7.p polarity (Inoue et al., 2004). We found in
a cwn-1(ok546) background that mutation of either mig-1, lin-
17, cfz-2 or lin-18 caused an additive phenotype, while loss of
mom-5 caused a phenotype similar to that of the cwn-1
(ok546); egl-20(n585) strain (Table 3). We did not see a similar
result for EGL-20; both the egl-20(n585); lin-17(n671) and egl-
20(n585); mig-1(e1787) strains had only additive phenotypes
(Table 3). Taken together, these results indicate that EGL-20
likely acts predominantly through MOM-5 and suggest that
CWN-1 may act through both LIN-17 and MIG-1 or may utilize
an additional receptor.
gsk-3 and kin-19 negatively regulate Wnt signaling in the VPCs
Axin and APC are negative regulators of Wnt signaling that
function in the complex which targets β-catenin for degradation
(reviewed in Logan and Nusse, 2004). C. elegans homologs of
these proteins PRY-1(Axin) and APR-1(APC) negatively
regulate Wnt signaling in the VPCs (Gleason et al., 2002).
Additional components of the negative regulatory complex in
vertebrates include the kinases GSK-3β and CKIα, which
phosphorylate β-catenin, targeting it for degradation. GSK-3β
and CKIα homologs are encoded by gsk-3 and kin-19,
respectively, in C. elegans (Peters et al., 1999; Schlesinger et
al., 1999). Previous work showed that BAR-1 contains multiple
GSK-3β consensus phosphorylation sites in its amino terminal
region and that deletion of this region generates an activated
form of BAR-1 (Eisenmann et al., 1998; Gleason et al., 2002).
This suggests that BAR-1 may be subject to GSK-3β and CKIαAverage # induced
VPCs±SD
<3 3
ild type % Underinduced % Other
0 0 3.0±0.0
0 0 3.0±0.0
0 0 3.0±0.0
2 2 3.0±0.1
0 0 3.0±0.0
4 18 3.4±0.6*
0 4 4.2±0.5*
2 15 3.6±0.7
0 2 4.4±0.6*
2 11 3.7±0.6*
0.05, t test, comparison of single mutant to wild-type, or RNAi to single mutant.
Table 5
Overexpression of gsk-3 suppresses the pry-1 Overinduced phenotype
Strain n # of induced VPCs Average #
induced
VPCs±SD
>3 3 <3 3
% Overinduced % Wild type % Underinduced % Other
N2 − HS 50 0 100 0 0 3.0±0.0
N2 + HS 55 0 100 0 0 3.0±0.0
HS∷gsk-3 − HS 50 0 100 0 0 3.0±0.0
HS∷gsk-3 + HS 54 0 100 0 0 3.0±0.0
pry-1(mu38) − HS 55 39 45 5 11 3.3±0.6
pry-1(mu38) + HS 51 41 33 6 20 3.4±0.6
pry-1(mu38); HS∷gsk-3 − HS 53 51 35 9 7 3.5±0.8
pry-1(mu38); HS∷gsk-3 + HS 54 4 56 32 8 2.7±0.4*
Strains were grown at 20°C and scored as described in Materials and methods. *P<0.05, t test, comparison of pry-1(mu38); HS∷gsk-3 with and without heat shock.
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Indeed, GSK-3 was shown to negatively regulate Wnt signaling
in Q neuroblast migration, a Wnt-mediated process that utilizes
bar-1(β-catenin) (Korswagen et al., 2002). However, in the Wnt
signaling pathway that functions during C. elegans embryogen-
esis and utilizes wrm-1(β-catenin), both GSK-3 and KIN-19
function positively (Peters et al., 1999; Schlesinger et al., 1999).
We do not know if GSK-3 function is required for proper VPC
fate specification, and if so, whether it acts positively or
negatively. Furthermore, no role for kin-19 has been established
in any bar-1(β-catenin)-mediated Wnt signaling process, so it
is unclear whether kin-19 functions positively, as it does in the
embryo, or negatively, as it does in a canonical vertebrate Wnt
signaling pathway.
To examine the role of gsk-3 and kin-19, we utilized feeding
RNAi. When wild-type L3 hermaphrodites were fed on
bacteria expressing either gsk-3 or kin-19 dsRNA, greater
than 95% of their progeny died as embryos, consistent with the
role of these genes in Wnt signaling during embryogenesis. To
bypass embryonic lethality and only reduce the function of
these genes in larval development, we fed N2 and pry-1(mu38)
mutants as L1s on bacteria expressing either gsk-3 or kin-19
dsRNA. Similar to our previous results with apr-1(APC),
neither loss of gsk-3 nor kin-19 alone by RNAi had any effect
on VPC fate specification in wild-type animals (Table 4)
(Gleason et al., 2002). However, when the function of either
gsk-3 or kin-19 was compromised by RNAi in the sensitized
background of a pry-1(mu38) mutant, in which the Wnt
pathway is hyperactivated, an increase in the penetrance of the
pry-1(Axin) Overinduced phenotype was observed. The
number of VPCs adopting induced cell fates increased from
3.4 in pry-1(mu38) single mutants to 3.6 in pry-1(mu38); gsk-3
(RNAi) animals and 3.7 in pry-1(mu38); kin-19(RNAi) animalsNotes to Table 6:
Animals that had a distinct single ectopic invagination posterior to the primary vulva
placed in the Other category on previous tables as most have 3 VPCs induced; howe
the same as those presented for Other on previous tables. dpy-11(e1180) mom-2(o
heterozygous animals. lin-17(n671) unc-13(e450); lin-18(e620) homozygous escape
animals. unc-13(e450) mom-5(zu193) homozygous escapers were scored from unc
Test, comparison to wild-type or single mutants. ND=not determined. Vulval induct
(or42) homozygous escapers.(Table 4). Furthermore, the average number of induced VPCs
increased from 4.2 in pry-1(mu38); apr-1(RNAi) animals to 4.4
in pry-1(mu38); apr-1(RNAi); gsk-3(RNAi) animals, a sig-
nificant increase (P<0.05, two-tailed t test). These data indicate
that both gsk-3 and kin-19(CKIα) negatively regulate Wnt
signaling in the VPCs, as they would in a canonical vertebrate
Wnt signaling pathway, and do not positively regulate Wnt
signaling as they do in the Wnt pathway acting during
endodermal specification.
To further test the role of gsk-3 as a negative regulator of
Wnt signaling in VPC fate specification, we examined whether
overexpressing GSK-3 could reverse the effects of over-
activated signaling through the Wnt pathway in the VPCs. To
address this, we utilized a transgenic strain containing a heat
shock inducible gsk-3 construct (Korswagen et al., 2002). For
this experiment, synchronized L1 animals, both wild type and
pry-1(mu38), were subjected to a single 30-minute heat shock
at 38°C at 22.5 h post-feeding to induce gsk-3 expression at the
time of vulval induction. Overexpression of gsk-3 had no effect
on vulval induction in a wild-type background (Table 5).
However, in pry-1(mu38) mutants, the Overinduced phenotype
of pry-1(mu38) was substantially suppressed (from 41% to
4%), and the proportion of the population displaying an
Underinduced phenotype also increased (from 6% to 32%).
Consistent with those results, the average number of induced
VPCs decreased from 3.5 to 2.7 (Table 5). These data further
indicate that gsk-3 negatively regulates Wnt signaling in the
VPCs, as in canonical vertebrate Wnt signaling pathways.
Wnt function in P7.p orientation
In addition to a role in VPC fate specification, Wnt signaling
is also required to orient the polarity of the VPC P7.p, so that al invagination were scored as Biv (Bivulva). The majority of these animals were
ver, some Biv animals are also Underinduced, which is why they are not always
r42) homozygous escapers were scored from dpy-11(e1180) mom-2(or42)/nT1
rs were scored from lin-17(n671) unc-13(e450)/hT2; lin-18(e620) heterozygous
-13(e450) mom-5(zu193)/hT2 heterozygous animals. *P<0.05, Fisher's Exact
ion was not scored in these strains because there were no dpy-11(e1180) mom-2
Table 6
Multiple Wnts and Wnt receptors influence the orientation of P7.p polarity
Strain n % Biv
N2 200 0
bar-1(ga80) 116 10
mig-14(ga62) 110 0
lin-44(n1792) 56 0
cwn-1(ok546) 60 0
egl-20(n585) 60 0
cwn-2(ok895) 64 0
mom-2(or42) 51 0
lin-44(n1792); cwn-1(ok546) 50 0
lin-44(n1792); egl-20(n585) 50 0
lin-44(n1792); cwn-2(ok895) 55 0
lin-44(n1792); mom-2(or42) 63 53*
cwn-1(ok546); egl-20(n585) 62 0
cwn-1(ok546); cwn-2(ok895) 50 0
cwn-1(ok546); mom-2(or42) 54 0
egl-20(n585); mom-2(or42) 51 0
cwn-2(ok895); mom-2(or42) 53 9
lin-44(n1792); cwn-1(ok546); egl-20(n585) 54 0
lin-44(n1792); cwn-1(ok546); cwn-2(ok895) 53 0
lin-44(n1792); cwn-1(ok546); mom-2(or42) 51 0
lin-44(n1792); egl-20(n585); mom-2(or42) 60 30
lin-44(n1792); cwn-2(ok895); mom-2(or42) 50 42
cwn-1(ok546); egl-20(n585); mom-2(or42) 55 0
cwn-1(ok546); cwn-2(ok895); mom-2(or42) ND –
lin-44(n1792); cwn-1(ok546); egl-20(n585); mom-2(or42) 52 0
lin-44(n1792); cwn-1(ok546); cwn-2(ok895); mom-2(or42) ND –
mig-1(e1787) 54 0
lin-17(n671) 55 64*
lin-17(n677) 53 73*
lin-17(RNAi) 50 0
mom-5(zu193) 46 0
mom-5(RNAi) 50 0
cfz-2(ok1201) 55 0
lin-18(e620) 55 38*
mig-1(e1787); lin-17(n677) 50 94*
mig-1(e1787); mom-5(RNAi) 50 0
mig-1(e1787); cfz-2(ok1201) 51 0
mig-1(e1787); lin-18(e620) 52 87*
lin-17(n671); mom-5(RNAi) 50 66
lin-17(n671); cfz-2(ok1201) 50 76
lin-17(n671); lin-18(e620)b 50 100*
lin-17(RNAi); lin-18(e620) 52 60
mom-5(RNAi); cfz-2(ok1201) 51 0
mom-5(RNAi); lin-18(e620) 56 54
cfz-2(ok1201); lin-18(e620) 52 56*
mig-1(e1787); lin-17(n671) mom-5(RNAi) 50 72*
mig-1(e1787); lin-17(n671); cfz-2(ok1201) 51 92
mig-1(e1787); lin-17(RNAi); lin-18(e620) 52 96
mig-1(e1787); mom-5(RNAi); cfz-2(ok1201) 50 0
mig-1(e1787); mom-5(RNAi); lin-18(e620) 51 98
mig-1(e1787); cfz-2(ok1201); lin-18(e620) 54 83
lin-17(n671); mom-5(RNAi); cfz-2(ok1201) 49 78
lin-17(RNAi); mom-5(RNAi); lin-18(e620) 50 50
mom-5(RNAi); cfz-2(ok1201); lin-18(e620) 50 52
mig-1(e1787); lin-17(n671); mom-5(RNAi); cfz-2(ok1201) 56 77
mig-1(e1787); lin-17(RNAi); mom-5(RNAi); lin-18(e620) 50 92
mig-1(e1787); mom-5(RNAi); cfz-2(ok1201); lin-18(e620) 92 92
lin-17(RNAi); mom-5(RNAi); cfz-2(ok1201); lin-18(e620) 50 48
mig-1(e1787); lin-17(RNAi); mom-5(RNAi); cfz-2(ok1201); lin-18(e620) 50 92
cwn-1(ok546); lin-17(n671) 50 20
cwn-1(ok546); mig-1(e1787) 55 2
cwn-1(ok546); mig-1(e1787); lin-17(n677) 51 24
cwn-1(ok546); lin-18(e620) 55 22
cwn-1(ok546); cfz-2(ok1201) 52 0
cwn-1(ok546); mom-5(zu193) 58 0
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et al., 1996; Inoue et al., 2004; Deshpande et al., 2005). Loss of
function mutations in Wnt pathway components cause a
Bivulva (Biv) phenotype, in which an ectopic vulval invagina-
tion forms posterior to the primary vulval invagination due to a
reversal in P7.p polarity. Previously, Inoue et al. (2004)
demonstrated that three Wnt ligands, LIN-44, CWN-2 and
MOM-2, are required to orient P7.p polarity. Specifically, they
demonstrated that loss of lin-44 in conjunction with either
mom-2 or cwn-2 causes defects in P7.p orientation. In these
experiments, cwn-2 RNAi was utilized to compromise cwn-2
function. Using the cwn-2(ok895) mutation, we obtained
somewhat different results (Table 6). As previously reported,
we observed a strong Biv phenotype in lin-44(n1792); mom-2
(or42) mutants; however, we did not observe this phenotype in
lin-44(n1792); cwn-2(ok895) or in lin-44(n1792); cwn-2(RNAi)
animals (Table 6 and data not shown). We did observe a weak
Biv phenotype in cwn-2(ok895); mom-2(or42) mutants,
demonstrating that cwn-2 does function in P7.p orientation;
however, we did not observe an enhancement of the lin-44
(n1792); mom-2(or42) Biv phenotype upon further loss of cwn-
2(ok895), as previously reported for cwn-2(RNAi). Although
our results were somewhat different, our mutant analysis
supports the previous conclusion that the Wnts LIN-44 and
MOM-2 play a major role, and CWN-2 a minor role, in the
regulation of P7.p orientation.
Interestingly, when we examined Wnt triple mutants, we
found that the Biv phenotype caused by loss of lin-44 and mom-
2 activity was completely suppressed in a lin-44(n1792); cwn-1
(ok546); mom-2(or42) strain (Table 6). This suppression is not
simply due to an earlier defect in VPC fate specification as 96%
of P7.p cells are induced in lin-44(n1792); cwn-1(ok546);
mom-2(or42) animals (Table 2). This result indicates that CWN-
1 acts directly or indirectly to antagonize LIN-44 and MOM-2
activity in the regulation of P7.p polarity.
Two Wnt receptors were previously implicated in the Wnt
signaling pathway that orients P7.p polarity, lin-17(Frizzled)
and lin-18(Ryk) (Sawa et al., 1996; Inoue et al., 2004). Both lin-
17(n671) and lin-18(e620) single mutants display an incom-
pletely penetrant Biv phenotype, whereas this phenotype is
completely penetrant in animals mutant for both lin-17(n671)
and lin-18(e620) (Inoue et al., 2004) (Table 6). Additional
Frizzled mutant combinations were not previously analyzed as
single mutations in other Frizzled genes alone do not cause
defects in P7.p patterning. Interestingly, analysis of strains
multiply mutants for Wnt receptors indicates that other Wnt
receptors likely function in this process (Table 6). Specifically,
loss of mig-1 enhances the Biv phenotype of lin-17(n671) from
64% to 94% and enhances the Biv phenotype of lin-18(e620)
from 38% to 87%. Likewise, loss of cfz-2 increases the Biv
phenotype of lin-17(n671) from 64% to 76% (P=0.06), and the
Biv phenotype of lin-18(e620) from 38% to 56% (P<0.05).
Although the mig-1(e1787); cfz-2(ok1201) double mutant strain
does not display a Biv phenotype, these results indicate that
MIG-1 and CFZ-2 must also act to impact P7.p polarity.
Consistent with the lin-44(n1792); cwn-1(ok546); mom-2
(or42) triple mutant result described above, cwn-1(ok546)also suppressed the Biv phenotype seen in lin-17(n671), lin-
18(e620) and mig-1(e1787) lin-17(n671) strains (Table 6).
Loss of other receptors did not suppress the Biv phenotype of
these strains (Table 6 and data not shown), suggesting that
CWN-1 may not act through a distinct negative receptor but
might act directly to antagonize the positively acting Wnts or
receptors.
In summary, these genetic analyses suggest that four of five
Wnt receptors (LIN-17, LIN-18, MIG-1 and CFZ-2) and three
of five Wnt ligands (LIN-44, MOM-2 and CWN-2) act
positively in the regulation of P7.p orientation, while the Wnt
CWN-1 acts antagonistically to these other components.
cwn-1, cwn-2, egl-20 and lin-44 are not required for embryonic
viability, but cwn-1 and cwn-2 enhance mom-2 embryonic
lethality
In addition to characterizing the vulval defects in our strains
containing mutations in multiple Wnt genes, we also deter-
mined the viability of these strains (Table 7). Previously, mom-2
was shown to be essential for embryonic viability (Thorpe et al.,
1997), lin-44 and egl-20 were not reported to have substantial
embryonic lethality (Herman et al., 1995; Harris et al., 1996),
and there were no data for cwn-1 and cwn-2. No significant
embryonic lethality was observed in any of the single Wnt
mutant strains except for mom-2(or42). We then analyzed the
viability of several strains multiply mutant for cwn-1, cwn-2,
egl-20 or lin-44. Surprisingly, our results suggest that none of
these Wnt genes is likely to play a major role in processes
required for embryonic viability, as embryonic lethality was not
observed, or was observed at only a very low penetrance, in
strains containing multiple mutations in these four Wnt genes.
The most penetrant defect, 4% embryonic lethality, was
observed in strains containing mutations in both cwn-1
(ok546); cwn-2(ok895) (Table 7).
To assess the viability of strains containing mutations in
mom-2, we estimated the percentage of viable mom-2(or42)
homozygous escapers from dpy-11(e1180) mom-2(or42)/nT1
mothers (Table 7). We found that ∼60% of mom-2 homozygous
embryos from dpy-11(e1180) mom-2(or42)/nT1 mothers died.
This defect could be due to insufficient maternal MOM-2
product provided by the heterozygous mother or could reflect a
zygotic role for mom-2 in embryogenesis (Nakamura et al.,
2005). Loss of cwn-1(ok546) enhances this defect such that
85% of cwn-1(ok546); mom-2(or42) homozygotes were non-
viable. Finally, no viable Dpy progeny were observed from
cwn-1(ok546); cwn-2(ok895)/nT1; dpy-11(e1180) mom-2
(or42)/nT1 mothers, indicating that 100% of cwn-1(ok546);
cwn-2(ok895); mom-2(or42) homozygotes died. We have not
determined the terminal phenotype of these dead embryos.
These observations are consistent with our analysis of Wnt GFP
expression in early embryos, where we observed expression of
all three of these Wnts genes (Supplementary data; also Baugh
et al., 2005; Pan et al., 2006). Together, these results suggest
that only one of the five C. elegans Wnt genes (mom-2) plays a
major role during embryogenesis, but two of the others (cwn-1
and cwn-2) are expressed in the developing embryo and may
Table 7
cwn-1, cwn-2, egl-20 and lin-44 are not required for embryonic viability, but
cwn-1 and cwn-2 enhance mom-2 embryonic lethality
Strain n % Embryonic
lethality
N2 216 0
lin-44(n1792) 166 0
cwn-1(ok546) 230 0
egl-20(n585) 176 0
cwn-2(ok895) 184 0
lin-44(n1792); cwn-1(ok546) 115 1
lin-44(n1792); egl-20(n585) 176 0
lin-44(n1792); cwn-2(ok895) 121 2
cwn-1(ok546); egl-20(n585) 156 1
cwn-1(ok546); cwn-2(ok895) 186 4
lin-44(n1792); cwn-1(ok546); egl-20(n585) 160 3
lin-44(n1792); cwn-1(ok546); cwn-2(ok895) 164 4
mom-2(or42) 64 60
lin-44(n1792); mom-2(or42) 54 67
cwn-1(ok546); mom-2(or42) 59 85
egl-20(n585); mom-2(or42) 70 67
cwn-2(ok895); mom-2(or42) 58 70
lin-44(n1792); cwn-1(ok546); mom-2(or42) 54 73
lin-44(n1792); egl-20(n585); mom-2(or42) 64 62
lin-44(n1792); cwn-2(ok895); mom-2(or42) 66 73
cwn-1(ok546); egl-20(n585); mom-2(or42) ND –
cwn-1(ok546); cwn-2(ok895); mom-2(or42) 104 100
lin-44(n1792); cwn-1(ok546); egl-20(n585);
mom-2(or42)
ND –
lin-44(n1792); cwn-1(ok546); cwn-2(ok895);
mom-2(or42)
109 100
Strains above the line were scored directly for embryonic viability at 20° by
counting eggs that hatched. For strains containingmom-2(or42) (below the line),
the dpy-11(e1180) mom-2(or42) chromosome was balanced by nT1 in
heterozygotes (nT1 also balances the cwn-2 and egl-20 chromosome). The
percent of embryonic lethality for mom-2(or42) homozygotes was estimated
from the number of viable Dpy progeny/total viable progeny. ND=not
determined, these strains were not scored because they lay very few eggs.
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mom-2 embryonic lethal phenotype.
Discussion
Previously, we demonstrated that a Wnt signaling pathway
acts in the VPCs to regulate lin-39 expression and influence cell
fate specification (Eisenmann and Kim, 2000; Eisenmann et al.,
1998; Gleason et al., 2002). While the C. elegansWnt pathway
components PRY-1(Axin), APR-APC), GSK-3(GSK-3β), KIN-
19(CK1α) and WRM-1(β-catenin) act during embryogenesis in
a manner opposite to their function in vertebrate canonical Wnt
signaling pathways (reviewed in Eisenmann, 2005), we showed
that PRY-1(Axin), APR-1(APC) and BAR-1(β-catenin) act in
the VPCs as they would in a canonical Wnt pathway (Gleason et
al., 2002; Natarajan et al., 2004). However, a number of
significant gaps remained in our knowledge of the Wnt pathway
acting in the VPCs, such as the source and identity of the Wnt
ligand acting on the VPCs, the identity of the Wnt receptor for
this ligand and whether there are serine/threonine kinases such
as GSK-3β and CK1α acting negatively to regulate Wnt
signaling in these cells. Here, we extend our knowledge of Wntsignaling in the VPCs by answering all of these questions. In
addition, we have examined the role of Wnt ligands and Wnt
receptors in a second Wnt-mediated process in vulval develop-
ment, the orientation of the P7.p sublineage. We found evidence
for surprising functional redundancy in Wnt ligands and Wnt
receptors acting in these two processes.
Wnt function in VPC fate specification
In C. elegans, there are five genes that encode Wnt ligands:
lin-44, egl-20, mom-2, cwn-1 and cwn-2 (reviewed in
Eisenmann, 2005). Strains containing predicted null or strong
loss-of-function mutations in single Wnt genes did not display
strong defects in VPC fate specification like those of bar-1(β-
catenin) mutants. Through analysis of double mutant strains, we
showed that all five Wnt ligands can influence VPC fate. cwn-1
(ok546); egl-20(n585) mutants displayed much stronger defects
in VPC fate specification than other double mutants, with most
animals displaying either an Underinduced or Vulvaless
phenotype. These defects were further enhanced by loss of
lin-44. Therefore, our findings indicate that all five Wnts can
influence VPC fate specification, with cwn-1 and egl-20 most
strongly affecting this process.
To determine the source of the Wnts acting on the VPCs, we
created transcriptional GFP reporters for all five Wnt genes. A
priori, a likely source of the signal would be cells or tissues near
the VPCs, such as the surrounding hypodermis, the gonad,
ventral cord neurons or the VPCs themselves. However, we
suspected that the source of the Wnt ligand might be posterior to
the VPCs because we observed that anterior VPCs (P3.p, P4.p
and P5.p) are more affected by loss of Wnt function than
posterior VPCs (Eisenmann and Kim, 2000; Eisenmann et al.,
1998; and this work). Consistent with this, we saw expression of
lin-44∷GFP and egl-20∷GFP in hypodermal and other cell
types in the far posterior, as previously reported (Herman et al.,
1995; Whangbo and Kenyon, 1999; Inoue et al., 2004). We
found that in larvae, cwn-1∷GFP was expressed in ventral cord
neurons and body wall muscles, but expression was concen-
trated in the posterior half of the animal. Similar results have
been seen by others (T. Myers and I. Greenwald; personal
communication; Pan et al., 2006). We propose that CWN-1,
EGL-20 and LIN-44 form a gradient along the anterior–
posterior axis (Fig. 3A). Consistent with this, it has recently
been demonstrated using an epitope tagged fusion protein that
EGL-20 does indeed form a posterior to anterior gradient
(Coudreuse et al., 2006). In this model, anterior VPCs would
receive less total Wnt signal than posterior VPCs. This would
explain the observation that P3.p adopts the F fate in ∼50% of
wild type animals and the result that anterior VPCs are more
likely to show fate specification defects when Wnt signaling is
reduced (Eisenmann and Kim, 2000; Eisenmann et al., 1998;
this work).
Why might the VPCs respond predominantly to the
posteriorly expressed Wnts when two Wnts, CWN-2 and
MOM-2, are expressed in the vicinity of the VPCs at the right
time to influence vulval induction? One possibility is that C.
elegans might use a gradient of Wnt ligands to pattern itself
Fig. 3. Model and summary of results. (A) The VPCs are shown in red. The
Wnts cwn-1, egl-20 and lin-44 are expressed predominately in the posterior (in
neurons, muscles and hypodermal cells), while cwn-2 and mom-2 are expressed
along the length of the anteroposterior axis. Loss of Wnt function more strongly
affects anterior VPCs than posterior VPCs. Therefore, CWN-1, EGL-20 and
LIN-44 may form a posterior to anterior Wnt gradient, with anterior VPCs
receiving less total Wnt signal. (B) Multiple Wnts and Wnt receptors mediate
two aspects of vulval development in C. elegans; VPC fate specification and
orientation of P7.p polarity. All of the Wnts can influence VPC fates
specification, with cwn-1 and egl-20 most strongly influencing VPC fate. At
least three Wnt receptors, mom-5, lin-17 and possibly mig-1, influence VPC
fate specification. Three Wnts, lin-44, mom-2 and cwn-2, influence P7.p
polarity, while cwn-1 acts antagonistically to these three (*). In addition to the
receptors previously reported to influence orientation of P7.p polarity, lin-17
and lin-18 (Inoue et al., 2004), we find that mig-1 and cfz-2 also play a role in
orienting P7.p polarity.
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elegans displays a nested pattern of Hox gene expression
along its anterior–posterior axis in the larva (lin-39–mab-5–
egl-5, from anterior to posterior; reviewed in Kenyon et al.,
1997). Different Wnt ligands have been shown to regulate
expression of these Hox genes: LIN-44, expressed in the tail,
acts via a BAR-1-mediated pathway to regulate egl-5 in P12;
EGL-20, expressed around the anus, acts through a BAR-1-
mediated pathway to regulate mab-5 in QL; and CWN-1 and
EGL-20 act via a BAR-1-mediated pathway to regulate lin-39
in the VPCs (Eisenmann et al., 1998; this work). Therefore,
the VPCs may have a Wnt receptor repertoire that allows them
to perceive the posteriorly expressed Wnts, but not CWN-2
and MOM-2, defining them as cells in the midbody region. A
similar model of graded Wnt expression along the anterior–
posterior axis has been proposed to explain the effects of Wnts
on anterior–posterior cell migrations (Harris et al., 1996; Kim
and Forrester, 2003; Zinovyeva and Forrester, 2005) and
neuronal polarity (Hilliad and Bargman, 2006). A second, notexclusive possibility, comes from the observation that, of the
five Wnts, CWN-1 and EGL-20 act predominantly to control
VPC fate specification, while MOM-2, LIN-44 and CWN-2
act to control the polarity of division of one of the VPCs, P7.p
(this work and Inoue et al., 2004). These two processes occur
subsequently in a short time period. Therefore, the VPCs may
have mechanisms to ensure that they cannot respond to CWN-
2 and MOM-2 earlier than is appropriate. However, since the
VPCs ultimately need to be able to respond to all five Wnts in
a short period, ‘sloppy’ regulation of these mechanisms could
account for the weak effects of the other Wnts on VPC fate
specification.
As with the Wnt ligands, there are five genes that encode
Wnt receptors in C. elegans. Mutations in single Wnt receptor
genes do not cause strong defects in VPC fate specification, but
we did observe weak defects in VPC fate specification in both
lin-17 and mom-5 mutants, and weak enhancement of the lin-
17 defect by both mom-5(RNAi) or a mig-1 mutation. This
suggests that three of five Wnt receptors function in this
process. However, we did not identify a Wnt receptor mutant
combination that caused a strong defect in VPC fate specifica-
tion like that seen in bar-1(β-catenin) mutants or cwn-1; egl-20
double mutants.
There are several reasons why we might not have observed
strong defects in VPC fate upon loss of Wnt receptor function.
First, it is likely that mom-5 RNAi treatment did not
completely reduce gene activity in the VPCs, so that we
underestimated the lin-17 mom-5 double mutant phenotype.
Our mom-5(RNAi) did enhance the defects in Z1/Z4 polarity
observed in lin-17 mutants (J. Gleason and D. Eisenmann,
unpublished results) and weakly enhanced the P7.p polarity
defects observed in lin-18 mutants, suggesting that it was
partially effective. However, we only observed 27% embryo-
nic lethality in progeny from mom-5(RNAi) mothers, com-
pared to 100% from mom-5 mutant homozygotes (Rocheleau
et al., 1997; Thorpe et al., 1997), indicating that mom-5
activity was not fully compromised. Second, the defects in Z1/
Z4 polarity observed in lin-17(n671) mom-5(RNAi) animals
could have complicated our analysis as these strains often
have more than one anchor cell (Siegfried and Kimble, 2002).
The anchor cell is the source of the inductive signal for the
VPCs, so excessive inductive signaling in these animals could
have partially compensated for the loss of Wnt signal. Third, it
is possible that one or more of the Wnt receptors acts
antagonistically to the Wnt pathway that functions in VPC fate
specification, such that its inactivation suppressed the defects
caused by lin-17, mom-5 or mig-1 reduction of function. For
example, during certain cell migrations, the receptors MOM-5
and CFZ-2 (Zinovyeva and Forrester, 2005), and LIN-17 and
MIG-1 (Pan et al., 2006) have been shown to act
antagonistically to each other. Finally, there may be additional
genes in the C. elegans genome that encode Wnt receptors
acting in the VPCs. For example, LRP5, LRP6 (in vertebrates)
and Arrow (in Drosophila) function as Wnt coreceptors with
Frizzled family members (Pinson et al., 2000; Tamai et al.,
2000; Wehrli et al., 2000), but to date, no obvious LRP5/6
homolog has been identified in C. elegans.
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specification, we believe that lin-17 and mom-5 encode Wnt
receptors acting in VPC fate specification and that mig-1 may
also function in this process (Fig. 3B). Our preliminary
genetic analysis suggests that EGL-20 is likely to act through
MOM-5, and CWN-1 may act redundantly through LIN-17
and MIG-1. All three receptors are present in the developing
vulva: it was previously demonstrated that lin-17 is expressed
in P5.p, P6.p and P7.p (Inoue et al., 2004), and we have
found that MOM-5 and MIG-1 transcriptional GFP reporters
are expressed in the VPC progeny, although we have not
detected robust expression in the VPCs themselves (J.
Gleason and D.M. Eisenmann, unpublished results).
Our results have identified at least two and possibly five
Wnts, and at least three Wnt receptors, that affect VPC fate
specification when mutated. One caveat to this interpretation is
that we do not know if the defects in VPC fate specification
observed upon loss of multiple Wnt ligands or receptors are all
due to direct effects on the VPCs. For example, we know that
loss of Wnt pathway activity alters the identity of certain ventral
cord neurons (B. Jackson and D. Eisenmann, unpublished
results), so some of the observed redundancy could be due to
indirect effects on the cells that are the source of Wnt signals.
Furthermore, we have not yet determined whether Wnt
expression from certain cell types is more important for VPC
fate specification, or whether any single source of signal is
sufficient.
Finally, in addition to identifying Wnt ligands and
receptors acting in VPC fate specification, we showed that
C. elegans homologs of the kinases GSK-3(GSK-3β) and
CK1α (KIN-19) also act in this process. In other systems, it
has been demonstrated that phosphorylation of β-catenin at
specific serine and threonine residues by the kinases GSK-3β
and CK1α promotes β-catenin destruction, and this phos-
phorylation is facilitated by the scaffolding proteins Axin and
APC (reviewed in Wodarz and Nusse, 1998). Previously, we
demonstrated that two components of this destruction
complex, the C. elegans homologs of Axin (PRY-1) and
APC (APR-1), negatively regulate Wnt signaling in the VPCs
as they do in other systems (Gleason et al., 2002; Korswagen
et al., 2002). Here, we show that loss of either gsk-3(GSK-3β)
or kin-19(CK1α) enhanced the Overinduced phenotype
observed in pry-1(mu38) mutants. Furthermore, we show
that overexpression of gsk-3 from a heat shock promoter at
the time of vulval induction in pry-1(mu38) mutants not only
suppressed the Overinduced phenotype of these mutants but
caused a significant proportion of the population to display an
Underinduced phenotype. These findings indicate that gsk-3
(GSK-3β) and kin-19(CK1α) negatively regulate Wnt signal-
ing along with apr-1(APC) and pry-1(Axin) in the VPCs.
This is consistent with the demonstration that GSK-3(GSK-
3β) negatively regulates Wnt signaling in Q neuroblast
migration, a process that also utilizes bar-1(β-catenin)
(Korswagen et al., 2002), but is in contrast to their function
in wrm-1(β-catenin)-mediated Wnt signaling pathways, where
both have been demonstrated to positively regulate Wnt
signaling (Peters et al., 1999; Schlesinger et al., 1999). It is aninteresting question for further study how the same two
kinases can have opposite effects in Wnt pathways utilizing
different β-catenins.
Wnt function in P7.p orientation
In addition to its role in VPC fate specification, Wnt signals
also act to orient the polarity of division of one VPC, P7.p. In
this process, the Wnt ligands, LIN-44, MOM-2 and CWN-2,
have been demonstrated to be required redundantly for proper
P7.p patterning (Inoue et al., 2004). Consistent with the
previous analysis of Inoue et al. (2004), we show that the lin-
44(n1792); mom-2(or42) double mutant strain displays defects
in P7.p orientation. In contrast, we did not observe P7.p
patterning defects upon loss of both lin-44 and cwn-2, as they
did. We compromised cwn-2 function in two ways, utilizing
both cwn-2(RNAi) and the cwn-2(ok895) deletion mutant, but
failed to observe defects in P7.p patterning. Furthermore,
contrary to the previous report, we did observe weak defects in
P7.p patterning in the cwn-2(ok895); mom-2(or42) double
mutant. While we obtained some results that differ from those
reported by Inoue et al. (2004), our data lead to the same
conclusion: mom-2 and lin-44 are likely to play a major role in
patterning P7.p, with cwn-2 playing a minor role.
Interestingly, we found that loss of cwn-1 suppressed the P7.p
polarity defect seen in lin-44; mom-2 double mutants, indicating
that CWN-1 acts antagonistically to LIN-44 and MOM-2 in this
process. CWN-1 was previously shown to act antagonistically to
EGL-20 in the process of QL migration (Zinovyeva and
Forrester, 2005). Together, with our data on the two vulval
processes, this indicates that CWN-1 acts antagonistically to
EGL-20 and LIN-44 in two processes (QL migration and P7.p
polarity), but redundantly with EGL-20 and LIN-44 in another
process (VPC fate specification). Future work will be needed to
determine the mechanisms by which this variability in response
is mediated.
The Wnt receptors that influence orientation of P7.p polarity
were previously demonstrated to be lin-17(Frizzled) and lin-18
(Ryk) (Inoue et al., 2004). Single mutations in both of these
genes cause defects in P7.p patterning, and animals mutant for
both have a fully penetrant P7.p patterning defect. We found
that a mutation in mig-1(Frizzled) dramatically enhanced the
P7.p patterning defects observed in lin-17(Frizzled) and lin-18
(Ryk) mutants, and a mutation in cfz-2(Frizzled) also weakly
enhanced these two other receptor mutants. These findings
suggest that additional Frizzled receptors may function
redundantly with LIN-17(Frizzled) and LIN-18(Ryk) to orient
P7.p polarity and suggest that P7.p patterning is more complex
than previously proposed (Inoue et al., 2004) (Fig. 3B).
Wnt function in the embryo
Wnt signaling also functions during early embryogenesis to
establish polarity of the EMS blastomere and reorientation of
the EMS mitotic spindle (Rocheleau et al., 1997; Thorpe et al.,
1997; Schlesinger et al., 1999). Additionally, Wnt pathway
components have been implicated in the establishment of POP-
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Priess, 2003). The function of mom-2/Wnt has been implicated
in both the establishment of polarity and spindle reorientation
in EMS, but no other C. elegans Wnt ligand has been
implicated in either of these processes. Here, we show that Wnt
genes in addition to mom-2 are required for viability.
Surprisingly to us, double, triple and quadruple mutant
combinations that do not include mom-2 show little or no
embryonic lethality. However, strains containing mutations in
both cwn-1 and cwn-2 do show a very weak embryonic lethal
phenotype, suggesting that they might act in the embryo.
Consistent with this, loss of cwn-1 enhances the embryonic
lethality of mom-2, and this is further enhanced by additional
loss of cwn-2. These data suggest that cwn-1, cwn-2 and mom-
2 may function redundantly in some Wnt-mediated develop-
mental process necessary for viability. This is further supported
by the observation that all three of these Wnts, cwn-1, cwn-2
and mom-2, are expressed in early embryos (Baugh et al.,
2005; Pan et al., 2006; and this work).
Wnt pathway component redundancy
In C. elegans, there are now several examples of functional
redundancy for Wnt pathway components. Previously, multiple
Wnt ligands and multiple Wnt receptors had been implicated in
the control of a number of cell and neuronal migrations (Harris
et al., 1996; Forrester et al., 2004; Pan et al., 2006), redundant
Wnt ligands and receptors were shown to function in the
orientation of polarity of P7.p (Inoue et al., 2004) and several
neurons (Hilliad and Bargman, 2006; Pan et al., 2006; Prasad
and Clark, 2006), and redundant Disheveled homologs were
shown to act during embryogenesis (Walston et al., 2004). Here,
we demonstrate that all five C. elegans Wnt ligands and
multiple Wnt receptors can influence VPC fate specification.
Similarly, we show that, in addition to lin-17 and lin-18, both
mig-1 and cfz-2 can also influence P7.p polarity. Finally, we
show that, in addition to mom-2, both cwn-1 and cwn-2 can
influence embryonic viability. We think it is likely that, as more
Wnt-mediated processes are examined in multiply mutant
strains, events that were believed to be mediated by single
ligands or receptors may turn out to be more complicated. There
are few examples of Wnt pathway redundancy in other model
systems. Perhaps the best characterized example is in Droso-
phila, where both Frizzled and D-Frizzled2 have been shown to
function redundantly in wing imaginal discs (Chen and Struhl,
1999). The extent to which further examples of similar
functional redundancy in Wnt signaling will be found in other
organisms is unknown, but it is possible that it may turn out to
be the rule rather than the exception.
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